INTRODUCTION
============

Cell polarity requires regulated mechanisms to localize the appropriate plasma membrane lipids and proteins at the right time and place and in the correct abundance. A classic example is provided by polarized epithelial cells, in which the apical aspect is generally studded with microvilli and has a different lipid and protein composition from the basolateral surface. Microvilli are filamentous-actin (F-actin)--based protrusions of the plasma membrane whose primary function in epithelia is thought to be to provide an enhanced surface area for absorption in cell types such as the kidney proximal tubules and intestine. Microvilli are dynamic structures, and the regulation of their formation and turnover is poorly understood. We are attempting to address how cells regulate the presence of microvilli on their apical surface, and how these structures modulate the presence of appropriate membrane proteins.

Ezrin is a critical component of epithelial cell microvilli that provides a regulated membrane-cytoskeletal linking function ([@B2]; [@B30]). Ezrin is composed of an amino-terminal protein 4.1, ezrin, radixin, moesin (FERM) domain and a carboxy-terminal ezrin, radixin, moesin association domain (C-ERMAD) that are linked by a long α-helical region. The FERM and C-ERMAD domains interact in a regulated manner to create either an inactive "closed" or active "open" structure. Significantly, when ezrin is closed, the intramolecular association masks binding sites for ezrin, radixin, moesin (ERM) binding phosphoprotein 50 kDa (EBP50; also known as NHERF1) and F-actin in the amino- and carboxy-terminal domains, respectively ([@B8]; [@B28]). Like other members of the ERM protein family, ezrin is known to be activated by phosphorylation (at threonine 567 in ezrin) and binding of the membrane phospholipid phosphatidylinositol bisphosphate ([@B2]; [@B6]). Structurally, ezrin\'s intermediate α-helical region is suggested to undergo a major change from a coiled-coil configuration via a "switch-blade"-type reorganization into an extended helix when the molecule opens ([@B23]).

The release of ezrin\'s intramolecular association unmasks the binding site on its FERM domain for the scaffolding protein EBP50, a microvillar protein consisting of two postsynaptic density 95/disc-large/zona occludens (PDZ) domains and a carboxy-terminal tail responsible for its ability to bind ezrin ([@B27]; [@B28]). Interestingly, EBP50 is also capable of an inhibitory intramolecular interaction. In this case, the second PDZ domain binds the tail, and this serves to reduce binding of ligands to both PDZ domains ([@B26]). Regulation of EBP50 is likely to be physiologically important because this scaffold protein interacts with many signaling molecules at the plasma membrane, including the cystic fibrosis transmembrane conductance regulator (CFTR), NaPi IIa cotransporter, and β2-adrenergic receptor ([@B31]; [@B3]; [@B13]). EBP50 also regulates the structure of microvilli ([@B25]; [@B11]).

Another apically localized scaffolding protein is PDZK1 (also known as NHERF3) that consists primarily of four PDZ domains. We have found that the tail of PDZK1 binds to the PDZ domains of EBP50 ([@B18]). In addition, we have demonstrated that PDZK1 also undergoes an intramolecular interaction through its C-terminal DTEM motif (the final four residues of PDZK1) and its first PDZ domain, although the overall regulatory consequences of this interaction are unknown ([@B18]). However, elimination of the interaction by deletion of the first PDZ domain releases the PDZK1 tail to allow more efficient interaction with the PDZ domains of EBP50 ([@B18]). Similar to EBP50, PDZK1 is well characterized for its regulation of transmembrane proteins ([@B19]; [@B16]). In particular, PDZK1 maintains the abundance of scavenger receptor β1 in liver and subsequently regulates plasma levels of high-density lipoprotein ([@B32]; [@B17]).

Here, we examine the interactions of ezrin, EBP50, and PDZK1 to reveal that the three proteins form a complex regulated by intramolecular associations. We also show that PDZK1 cycles between the nucleus and microvilli in a manner that is dependent on cell confluence and that this regulates the formation of the ternary complex in vivo. Finally, we show that either EBP50 or PDZK1 targeted to ezrin can provide a function necessary for microvillar maintenance, implying that PDZK1 acts as a modular adaptor protein to augment the functioning of EBP50 in microvilli.

MATERIALS AND METHODS
=====================

Antibodies and Reagents
-----------------------

Monoclonal antibody (mAb) versus EEA1 was purchased from BD Biosciences Transduction Laboratories (Lexington, KY). Infrared-labeled secondary antibodies and IRDye blue protein stain were purchased from LI-COR Biosciences (Lincoln, NE). Polyclonal antibodies against full-length green fluorescent protein (GFP) and human PDZK1 (amino acids 293-519), both of which were purified as glutathione transferase (GST)-tagged proteins, were generated in rabbits by Abraham Hanono (Cornell University) using standard protocols. The polyclonal antibodies versus EBP50 and E3KARP/NHERF2 were as described previously ([@B27]; [@B14]). The mAb against ezrin developed at the National Cancer Institute (Bethesda, MD) was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by Department of Biology, The University of Iowa, Iowa City, IA. The mAb HA.11 versus the hemagglutinin (HA) epitope was purchased from Covance Research Products (Princeton, NJ). Streptavidin-Sepharose was obtained from GE Healthcare (Little Chalfont, Buckinghamshire, United Kingdom). Calf intestinal alkaline phosphatase (CIAP) was purchased from Invitrogen (Carlsbad, CA).

Cell Culture
------------

JEG3 and LLC-PK1 cells were obtained from the American Type Culture Collection (Manassas, VA) and maintained in a 5% CO~2~ humidified atmosphere at 37°C in minimal essential medium or DMEM (Invitrogen), respectively, with glutamine, penicillin, streptomycin, and 10% fetal bovine serum. LLC-PK1 cells constitutively expressing pGlue-PDZK1 were selected and maintained in DMEM containing 1 mg/ml puromycin. Transfections were performed with polyethylenimine (PEI) as described previously ([@B11]) or with FuGENE HD according to the manufacturer\'s protocols.

DNA Constructs
--------------

All GST-tagged PDZK1 constructs were as described previously ([@B18]). All point-mutated constructs were generated using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The PDZK1/EBP50 chimera was generated via polymerase chain reaction (PCR) by generating both fragments with overlapping ends then combining them for a third PCR reaction to generate the full-length chimeric construct. All tagged constructs were generated using standard methodologies and subcloned into the vectors pGEX6P1, pEGFPC2, pESumo, or pGlue (pGlue vector provided by Stephane Angers, University of Toronto, Toronto, ON, Canada).

Preparation of Recombinant Proteins
-----------------------------------

GST-tagged fusion proteins were prepared according to standard protocols. The ezrin FERM domain was purified over a hydroxyapatite column followed by a Mono-S Sepharose column as described previously ([@B28]) using an ÄKTA FPLC system (GE Healthcare). The FERM domain was linked to cyanogen bromide-activated Sepharose (Sigma-Aldrich, St. Louis, MO) by standard protocols.

For purification of SUMO-tagged constructs, bacterial pellets were first resuspended in binding buffer (20 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, pH 7.4, and 0.1% Triton X-100) and then sonicated and centrifuged to remove debris. The supernatant was then bound to a His GraviTrap column (GE Healthcare), washed, and eluted with elution buffer (similar to binding buffer but with imidazole at 500 mM). The eluted proteins were then dialyzed overnight in binding buffer followed by incubation with 6His-tagged Ulp1 for 40 min at 30°C to cleave off the SUMO tag and leave untagged protein. The resulting solution was then applied to a second nickel column to remove the 6His-tagged Ulp1 and the nontagged purified EBP50 was collected in the flowthrough. 6His-tagged EBP50 PDZ interactor of 64 kDa (EPI64) was purified from insect cells according to standard protocols.

Binding Experiments
-------------------

Precipitations of GST-tagged proteins from cellular lysates were performed as described previously ([@B18]). For CIAP treatment, lysates were incubated with 1 U of CIAP per 5 μl of lysate for 45 min at 30°C in the absence of phosphatase inhibitors before the precipitation step. Streptavidin-Sepharose (GE Healthcare) was used to precipitate pGlue-tagged PDZK1, which contains a streptavidin-binding tag, followed by biotin elution and analysis by Western blotting, similarly to what has been described previously, but without the second binding step using the calmodulin-binding tag ([@B1]). In vitro binding assays between recombinant proteins were performed as described previously ([@B18]). In experiments with soluble proteins, they were preincubated together in a small volume of binding buffer before the addition of the resin bound probe. All Western blot or stained SDS-polyacrylamide gel electrophoresis (PAGE) gels were imaged using an Odyssey infrared imaging system (LI-COR Biosciences) with either infrared-labeled secondary antibodies or IRDye blue protein stain, respectively.

Immunofluorescence, Microvillar Rescue Experiments, and Cell Fractionation
--------------------------------------------------------------------------

LLC-PK1 or JEG3 cells were grown on glass coverslips, fixed in 3.7% formaldehyde, permeabilized in 0.2% Triton X-100, and then washed in phosphate-buffered saline (PBS). Images were acquired either on a spinning disk microscope (PerkinElmer Life and Analytical Sciences, Boston, MA) with 100× 1.4 numerical aperture (NA) objective and Orca-ER charge-coupled device (CCD) camera (Hamamatsu, Bridgewater, NJ) or with a CSU-X spinning disk microscope (Intelligent Imaging Innovations, Denver, CO) with 63× 1.4 NA objective and HQ2 CCD camera (Photometrics, Tucson, AZ). Acquired images were processed with either ImageJ (<http://rsb.info.nih.gov/ij/>) or SlideBook 5.0 (Intelligent Imaging Innovations, Denver, CO). For microvillar rescue assays, cells were transfected with appropriate cDNAs and then treated with small interfering RNA (siRNA) the following day and allowed to grow for a further 48 h before processing for microscopy. siRNA treatments and microvillar counting were performed as described previously ([@B11]). Nuclear fractionation was performed as described previously ([@B24]).

RESULTS
=======

The Microvillar Protein PDZK1 Forms a Complex with EBP50 and Ezrin
------------------------------------------------------------------

To facilitate analysis of endogenous PDZK1, we generated a polyclonal antibody and used it to show that the protein is present in cells derived from polarized epithelia, including LLC-PK1 and HK-2 renal tubular epithelial cells and Caco-2 intestinal cells but that it is absent from cervical HeLa or placentally derived JEG3 cells ([Figure 1](#F1){ref-type="fig"}A). The specificity of the PDZK1 antibody was confirmed in Supplemental Figure S1A. These same cell lines were also immunoblotted for the presence of EBP50 and E3KARP/NHERF2, which revealed that JEG3 cells are rich in EBP50 but lack detectable E3KARP (Supplemental Figure S1B). Immunostaining shows that endogenous PDZK1 is located in microvilli in LLC-PK1 cells, as has been reported previously ([Figure 1](#F1){ref-type="fig"}B) ([@B9]). We have demonstrated previously that the tail of PDZK1 interacts with the PDZ domains of EBP50 ([@B18]), so we investigated whether a ternary complex with PDZK1, EBP50, and ezrin might exist in vivo (schematics of these proteins are presented in [Figure 1](#F1){ref-type="fig"}E). The tail of PDZK1 fused to GST was used to precipitate EBP50 from lysates prepared from JEG3 cells, which are rich in EBP50 and ezrin but do not contain endogenous PDZK1 ([Figure 1](#F1){ref-type="fig"}A). Ezrin and EBP50 coprecipitated with the GST-PDZK1 tail, and this is a specific interaction as it requires the C-terminal DTEM sequence of the GST-PDZK1-tail construct that is needed to interact with the EBP50 PDZ domains ([Figure 1](#F1){ref-type="fig"}C; [@B18]). As an alternative way to probe for the existence of the complex, we made use of the finding that immobilized ezrin FERM domain binds tightly to the tail of EBP50 ([@B27]). Ezrin FERM domain immobilized on Sepharose recovered both EBP50 and a fraction of the PDZK1 from extracts of LLC-PK1 cells ([Figure 1](#F1){ref-type="fig"}D). Together, these results suggest that PDZK1 binds a pool of EBP50 that is also bound to ezrin and that the ezrin FERM domain binds a pool of EBP50 that is also bound to PDZK1.

![PDZK1 is found in microvilli and forms a complex with EBP50 and ezrin. (A) Immunoblot with PDZK1 antibody of lysates from the indicated cell lines, with tubulin used as a loading control. (B) Immunofluorescence localization of PDZK1 to microvilli in LLC-PK1 cells. F-actin was labeled with rhodamine phalloidin. The image represents a maximum projection of the apical aspect of the cell. Bar, 10 μm. (C) The GST constructs indicated were used for precipitations from JEG3 cell lysates. Retained and eluted material was blotted for ezrin and EBP50, with EEA1 serving as a negative control. (D) The ezrin FERM domain coupled to Sepharose or control Sepharose beads were used to precipitate proteins from LLC-PK1 cells. Both EBP50 and PDZK1 were coprecipitated with the FERM domain. (E) Schematics of PDZK1, EBP50 and ezrin are shown with the relevant domains and truncation constructs indicated.](zmk0091094410001){#F1}

EBP50 Serves a Linker between PDZK1 and Ezrin
---------------------------------------------

Our results with cell extracts could be explained by EBP50 and PDZK1 each binding individually to ezrin, or PDZK1 binding through EBP50 to ezrin. We therefore sought to distinguish these possibilities in vitro. Beads on which ezrin FERM had been immobilized, or control beads, were incubated with recombinant EBP50 and/or recombinant PDZK1-PDZ2-End. PDZK1-PDZ2-End was used for this assay as removal of PDZ1 frees the PDZK1 tail from its intramolecular interaction to allow more effective binding to EBP50 ([@B18]). The results reveal that PDZK1 does not bind the ezrin FERM domain directly but is coprecipitated in the presence of EBP50, illustrating that EBP50 serves as a linker between PDZK1 and ezrin ([Figure 2](#F2){ref-type="fig"}). To recapitulate this finding in cells, EBP50 knockdown was performed in JEG3 cells, followed by GST-PDZK1 tail pull-downs to determine whether ezrin coprecipitation would be lost. This approach was not fully successful, as the GST-PDZK1 tail construct was able to efficiently precipitate the residual EBP50. Nevertheless, quantitative Western blotting revealed a reduction in the recovery of ezrin that was proportional to the reduction in precipitated EBP50 (there is a 34 ± 10% loss of precipitated EBP50 and a 39 ± 7% loss of precipitated ezrin).

![EBP50 serves as a linker between PDZK1 and ezrin. In vitro binding assays were performed between the indicated CNBr resin-bound proteins and soluble proteins. Although the FERM domain strongly precipitates EBP50, it only precipitates PDZK1 PDZ 2-End when EBP50 is also present. These results indicate the existence of a PDZK1--EBP50--ezrin ternary complex with EBP50 as the intermediate component.](zmk0091094410002){#F2}

EBP50 Phosphorylation Does Not Impact Its Ability to Link PDZK1 to Ezrin
------------------------------------------------------------------------

EBP50 is a substrate for a large number of kinases, and these have been suggested to regulate the ability of this protein to oligomerize or interact with PDZ domain-binding partners ([@B20]; [@B34]). We therefore wanted to explore whether EBP50 phosphorylation might impact its interaction with PDZK1. We first tested the ability of the GST-PDZK1 tail to recover EBP50 and ezrin from JEG3 cell lysates treated with CIAP to dephosphorylate all the proteins. EBP50 migrates in SDS gels as a series of bands that can be collapsed into a single faster-migrating species upon CIAP treatment, and so the multiple species therefore represent differentially phosphorylated forms ([Figure 3](#F3){ref-type="fig"}A). When the extracts were subjected to GST-PDZK1 tail pull-downs, EBP50 and ezrin were recovered equally from control and phosphatase-treated extracts ([Figure 3](#F3){ref-type="fig"}A). We conclude that phosphorylation does not have a major positive or negative effect on the binding of EBP50 to the PDZK1 tail. Ezrin was also efficiently coprecipitated, showing that there is a pool of EBP50 bound to ezrin that is resistant to serine/threonine dephosphorylation. To test specific phosphorylation sites in EBP50, we generated phosphomimetic (S/T-\>D) or phosphodeficient (S/T-\>A) mutations of several of the reported phosphorylation sites ([Figure 3](#F3){ref-type="fig"}C) and expressed tagged versions of each in JEG3 cells ([@B35]; [@B12]; [@B7]; [@B34]). Each of the eight variants tested was found to be competent to bind the PDZK1 tail ([Figure 3](#F3){ref-type="fig"}B), suggesting that none of these sites significantly impacts the PDZK1--EBP50 interaction. It is also notable that the GST-PDZK1 tail is able to precipitate all of the phospho-bands of EBP50 that are apparent via Western blotting ([Figures 1](#F1){ref-type="fig"}C and [3](#F3){ref-type="fig"}A), further reinforcing our findings that EBP50 phosphorylation does not significantly impact its ability to complex with PDZK1 and ezrin.

![EBP50 phosphorylation does not significantly impact its association with PDZK1. (A) JEG3 cell extracts were treated with or without CIAP then subjected to pull-downs with the resin-bound GST-PDZK1 tail. Dephosphorylation of EBP50, as indicated by the loss of bands of different mobility by SDS-PAGE, did not alter the association with the GST-PDZK1 tail. (B) The indicated phosphomimetic and phosphodeficient EBP50 mutants were expressed in JEG3 cells. Lysates were prepared and subjected to pull-downs with the resin-bound GST-PDZK1 tail. All constructs bound the PDZK1 tail comparably. (C) Schematic of EBP50 showing the location of phosphorylation sites that were mutated.](zmk0091094410003){#F3}

Ezrin Binding to EBP50 Positively Regulates the EBP50/PDZK1 Association
-----------------------------------------------------------------------

It has been found that ezrin binding to the tail domain of EBP50 releases an intramolecular inhibitory interaction of EBP50, thus allowing EBP50\'s PDZ domains to bind ligand more effectively, although this has only been demonstrated for a few substrates ([@B22], [@B21]; [@B26]). Using recombinant proteins, we explored whether an association between the ezrin FERM domain and EBP50 influences the binding of PDZK1 to EBP50. We again used the GST-PDZK1-PDZ2-End protein as the lack of the first PDZ domain allows PDZK1 to be open and competent to bind EBP50, with binding equivalent to the PDZK1 tail alone ([@B18]). The presence of the ezrin FERM domain significantly enhanced the binding of EBP50 to PDZK1 ([Figure 4](#F4){ref-type="fig"}A). Also, the FERM domain coprecipitates with EBP50 and PDZK1, consistent with the in vitro results in [Figure 2](#F2){ref-type="fig"}. Notably, the increase in EBP50 binding is proportional to the amount of FERM coprecipitating, illustrating how FERM binding increases the amount of EBP50 available to interact with PDZK1, without being required for the baseline amount ([Figure 4](#F4){ref-type="fig"}A). Similar results were seen using the GST-PDZK1 tail and are included in Supplemental Figure S2A but are less clear as the FERM domain runs at the same size on SDS-PAGE as the GST-PDZK1 tail. Also, in vitro binding assays were performed between resin-bound GST-PDZK1 tail and soluble EBP50 with increasing amounts of soluble ezrin FERM and illustrate a dose-dependence of this effect (Supplemental Figure S2B). A similar experiment was performed examining the ability of GST-PDZK1 tail to recover EBP50 from JEG3 cell extracts, to which either the ezrin FERM domain or bovine serum albumin had been added. Consistent with the results in [Figure 4](#F4){ref-type="fig"}A, there is a significant increase in the amount of EBP50 bound to the PDZK1 fusion when the ezrin FERM domain was added ([Figure 4](#F4){ref-type="fig"}B). Interestingly, the amount of endogenous ezrin coprecipitated is unchanged, indicating that the pool of EBP50 bound to endogenous ezrin is very stably associated and is not immediately competed off by the added excess ezrin FERM domain ([Figure 4](#F4){ref-type="fig"}B).

![The ezrin FERM domain positively regulates the association between EBP50 and PDZK1. (A) In vitro binding assays were performed between resin-bound GST-PDZK1 PDZ 2-End versus soluble EBP50 or ezrin FERM in the indicated combinations. The FERM domain both coprecipitates with PDZK1 when EBP50 is present and increases the affinity of EBP50 for PDZK1. (B) Resin-bound GST-PDZK1 tail was used to precipitate proteins from JEG3 cell extracts with either BSA or soluble ezrin FERM domain added to the lysates. EBP50 binds the GST-PDZK1 tail more efficiently in the presence of excess ezrin FERM domain.](zmk0091094410004){#F4}

Allosteric Interactions between EBP50\'s Two PDZ Domains
--------------------------------------------------------

Because PDZK1\'s tail binds to EBP50, we wanted to determine which of EBP50\'s PDZ domains are involved. Although we have shown that the PDZK1 tail can bind to either of EBP50\'s separated PDZ domains ([@B18]), we wanted to explore which domain might be more relevant in the context of the full-length molecule and how the presence of another ligand that binds specifically to just one of the PDZ domains might affect the interaction. We first compared the association between the PDZK1 tail and either full-length EBP50 (1-358) or a mutant lacking its final four residues (1-354). In vitro binding assays between the GST-PDZK1 tail and the recombinant EBP50 constructs show that the truncated EBP50 construct binds significantly better than the wild-type construct, with 2.4 times as much precipitated in this experiment ([Figure 5](#F5){ref-type="fig"}A). In our initial report detailing PDZK1\'s interaction with EBP50, recombinant PDZK1 bound equally well to either isolated GST-EBP50 PDZ domain ([@B18]). We repeated this experiment using EBP50 (1-354) with wild-type PDZ domains, or with an inactive PDZ1 mutant (G25A/F26A), or an inactive PDZ2 (G165A/F166A) mutant, or a version with both PDZ domains mutated. These mutations are point mutations in the carboxylate-binding loop of the PDZ domain that abolish binding to tail ligands ([@B5]; [@B18]). Surprisingly, mutation of either of the PDZ domains greatly reduced binding, whereas mutation of both abolished it ([Figure 5](#F5){ref-type="fig"}B). These results indicate that both PDZ domains need to be functional for optimal binding to the PDZK1 tail, perhaps suggestive of allosteric cooperative binding, similar to what has been shown for some other multi-PDZ domain-containing proteins ([@B10]; [@B33]). We next wanted to explore how the binding would be affected when one of the PDZ domains was occupied by a different ligand. The microvillar protein EPI64 ends in -DTYL and binds strongly and selectively to EBP50\'s PDZ1 ([@B29]). To evaluate how binding of EPI64 to EBP50 might influence association with the PDZK1 tail, we performed in vitro binding assays between full-length EBP50 and the GST-PDZK1 tail either with or without full-length recombinant EPI64 ([Figure 5](#F5){ref-type="fig"}C). The amount of EBP50 recovered was only slightly reduced by the presence of EPI64. Moreover, the amount of EPI64 recovered is essentially identical to EBP50, suggesting that the PDZ1 domain is saturated with EPI64 and a majority of the EBP50 binding to PDZK1 is occurring through the EBP50 PDZ2 domain. Increasing the amount of EPI64 does not further inhibit EBP50 binding to the GST-PDZK1 tail, indicating that PDZ1 is saturated with EPI64 and EBP50 binding to the GST-PDZK1 tail can occur predominantly through PDZ2 when PDZ1 is bound (Supplemental Figure S3). Several interesting points can be drawn from these results. First, EPI64 is able to enter into a multimolecular complex with EBP50 and PDZK1 in vitro, because it coprecipitates with the PDZK1 tail only when EBP50 is present ([Figure 5](#F5){ref-type="fig"}C). Second, the PDZK1 tail is able to bind PDZ2 of EBP50 efficiently when PDZ1 is occupied by EPI64. Because the PDZK1 tail binds PDZ2 weakly when PDZ1 is mutated to be nonfunctional and therefore empty, it follows that PDZK1 binds the second PDZ domain of EBP50 more efficiently when the first PDZ domain is occupied ([Figure 5](#F5){ref-type="fig"}, B and C). Overall, these results indicate that the PDZ domains of EBP50 interact with some ligands in a cooperative, allosterically regulated manner, with PDZK1 binding to the second PDZ domain being positively regulated by ligation of the first PDZ domain.

![Characterization of the interaction between PDZK1 and the EBP50 PDZ domains. (A) In vitro binding assays were performed between resin-bound GST-PDZK1 tail and the indicated EBP50 constructs. EBP50 lacking its final four residues (1-354) binds PDZK1 more efficiently than full-length EBP50 (1--358). (B) In vitro binding assays were performed between resin-bound GST-PDZK1 tail and soluble EBP50 with mutated, inactive PDZ domains (G25A/F26A has an inactive PDZ1, whereas G165A/F166A has an inactive PDZ2). The relative amounts of PDZ mutants bound compared with the nonmutated EBP50 construct are shown below the gel. Mutation of either PDZ domain reduces the association between PDZK1 and EBP50. (C) In vitro binding assays were performed between resin-bound GST-PDZK1 tail and the indicated constructs. EPI64, a strong binder of EBP50 PDZ1, is able to precipitate with the GST-PDZK1 tail in the presence of EBP50. The results of B and C indicate that PDZK1 can bind PDZ2 of EBP50 more efficiently when PDZ1 is occupied.](zmk0091094410005){#F5}

PDZK1 Cycles between the Nucleus and Microvilli Based on Cell Confluence
------------------------------------------------------------------------

Our data indicate that a three-way complex occurs with PDZK1, EBP50, and ezrin and that this complex is regulated by their individual intramolecular interactions. In addition, examination of PDZK1 localization under different conditions provides another level of in vivo regulation. PDZK1 is found primarily in microvilli in high-confluence LLC-PK1 cells ([Figure 1](#F1){ref-type="fig"}B), whereas at low confluence, when the cells are still in islands but have not yet begun to significantly pack together, it is predominantly nuclear ([Figure 6](#F6){ref-type="fig"}A). This confluence-dependent shuttling is also observed in Caco-2 cells (our unpublished observations) and is not unique, because other proteins such as the tight junction protein zona occludens-2 has been reported to undergo similar cell density-dependent localization changes ([@B15]). To validate the localization differences, we fractionated LLC-PK1 cells into nuclear and cytoplasmic fractions after growth to low or high confluence ([Figure 6](#F6){ref-type="fig"}B). PDZK1 is more abundant in the nuclear fraction of low confluence cells and is enriched in the cytoplasmic fraction of high confluence cells. However, the shift is not complete as there is a nuclear pool of PDZK1 in high confluence cells and a cytosolic pool in low confluence cells, probably indicative of changes in confluence that occur over the entire population of cells that are in a tissue culture plate. Quantification of comparative amounts of nuclear to cytosolic PDZK1 indicates ∼25% is cytosolic in low confluence cells and 75% cytosolic in high confluence cells. Notably, neither ezrin nor EBP50 showed any nuclear localization under any of these conditions ([Figure 6](#F6){ref-type="fig"}B). PARP served as a nuclear control protein, whereas EEA1 served as a cytosolic control protein ([Figure 6](#F6){ref-type="fig"}B). The apical localization of PDZK1 may be dependent on the presence of fully mature cell--cell junctions as PDZK1 exits the nucleus in both interior and border cells within a patch of LLC-PK1 cells that have been seeded for some time (our unpublished observations).

![PDZK1 cycles into and out of the nucleus based on cell confluence. (A) Immunofluorescence localization of endogenous PDZK1 in the nucleus in low confluence LLC-PK1 cells costained to show F-actin and cell nuclei. The image represents a maximum projection through the cell. Bar, 10 μm. (B) LLC-PK1 cells at either high or low confluence were fractionated into nuclear and cytoplasmic fractions then blotted for the indicated proteins. PDZK1 becomes less enriched in the nucleus in high confluence cells, whereas EBP50 and ezrin are not found in the nuclear fraction.](zmk0091094410006){#F6}

PDZK1 Nuclear Shuttling Regulates Its Association with EBP50 and Ezrin
----------------------------------------------------------------------

To explore whether the localization of PDZK1 affected its ability to associate with EBP50 and ezrin, we generated an LLC-PK1 cell line stably expressing pGlue-PDZK1, which is a tagged version containing an amino-terminal streptavidin-binding domain, a tobacco etch virus cleavage site, an HA tag, and a calmodulin binding domain that can be used for tandem affinity precipitation ([Figure 7](#F7){ref-type="fig"}A; [@B1]). Like the endogenous protein, the stably expressed tagged version of PDZK1 was found in the nucleus in low confluence cells and in the surface microvilli in highly confluent, packed cell layers ([Figure 7](#F7){ref-type="fig"}B). Precipitations of pGlue-PDZK1 using the streptavidin-binding domain recovered about twice as much EBP50 and ezrin in cells grown under high confluence compared with those grown under low confluence ([Figure 7](#F7){ref-type="fig"}C). This result is in line with the approximate threefold increased level of PDZK1 in the cytoplasm in cells of higher density.

![Cell confluence regulates the association between PDZK1 and ezrin/EBP50. (A) Lysates from cells stably expressing pGlue-PDZK1 and parental cells were blotted with monoclonal anti-HA antibody to show expression of the pGlue construct. (B) Immunofluorescence localization of stably expressed pGlue-tagged PDZK1 in LLC-PK1 cells at high and low confluence costained with rhodamine phalloidin to show F-actin. The tagged version of PDZK1 exhibits similar nuclear shuttling to the endogenous protein. (C) pGlue-PDZK1 was precipitated out of the stably expressing cell line at both high and low confluence and analyzed by SDS-PAGE. Twice as much eluate was analyzed for the ezrin and EBP50 blots as was used for the HA blot for PDZK1. EBP50 and ezrin are both found to coprecipitate with PDZK1 more efficiently under higher cell confluence.](zmk0091094410007){#F7}

PDZK1 Exhibits Functional Redundancy with EBP50 in Microvilli Maintenance
-------------------------------------------------------------------------

Based on the close primary sequence similarity of the PDZ domains of EBP50 and PDZK1, it has been suggested that PDZK1 evolved by duplication and fusion of the EBP50 gene ([@B4]). In support of this idea, they share some ligands in common, such as NHE3 and CFTR ([@B19]). We considered how the two scaffolding proteins might function together at the apical membrane. One possibility is that they have similar functions, with PDZK1 having evolved to bind EBP50 to enhance the recruitment of certain ligands. We therefore wanted to test whether EBP50 and PDZK1 might have some functional overlap. We have shown that siRNA depletion of EBP50 from JEG3 cells reduces the abundance of microvilli on their apical surface ([@B11]). We therefore wanted to deplete cells of EBP50 and recruit PDZK1 to the apical surface in an EBP50-independent manner to see whether microvilli were restored. To do this, we generated a chimera consisting of the PDZ domains of PDZK1 fused to the tail of EBP50, which contains the ezrin binding site, thereby providing a direct linkage between PDZK1 and ezrin ([Figure 8](#F8){ref-type="fig"}D). Our strategy was to treat cells with siRNA to EBP50 and then express either a control GFP construct that is targeted to the nucleus (Nuclear-GFP), or an siRNA-resistant GFP-EBP50 construct, or tagged PDZK1 (Xpress-PDZK1), or the tagged PDZK1-EBP50-tail chimera (Xpress-Chimera), and then examine the cells for the presence of microvilli. Supplemental Figure S4A illustrates enhanced binding between resin-bound ezrin FERM domain and the Xpress-Chimera compared with Xpress-PDZK1, indicative of the expected direct interaction. There is a dramatic loss of microvilli in EBP50 knockdown cells, with a small number of microvilli remaining at the cell borders. This loss of microvilli can be rescued by the expression of RNA interference-resistant GFP-EBP50 but not by expression of either the nuclear-GFP or tagged wild-type PDZK1 constructs ([Figure 8](#F8){ref-type="fig"}, A--C). However, expression of the PDZK1-EBP50-tail chimera in the EBP50 siRNA cells restores microvilli nearly as efficiently as expression of GFP-EBP50 does ([Figure 8](#F8){ref-type="fig"}, A and C). This implies a measure of functional redundancy between PDZK1 and EBP50. Moreover, expression of tagged wild-type PDZK1 in EBP50 knockdown cells mildly further inhibited microvilli, indicating a dominant negative effect by this protein, possibly by mislocalizing some crucial binding partner of the EBP50 PDZ domains ([Figure 8](#F8){ref-type="fig"}C). Notably, the Xpress-PDZK1 construct is capable of localizing to microvilli in JEG3 cells that have not been depleted of EBP50 (Supplemental Figure S4B). Thus, PDZK1 seems to be able to recruit some factor necessary for microvilli, and this function requires its recruitment by EBP50.

###### 

PDZK1 exhibits functional redundancy with EBP50 in microvilli formation. (A) JEG3 cells were transfected with the indicated constructs, treated with siRNA to EBP50 or a control luciferase oligonucleotide one day later, allowed to grow for 2 d and then processed for immunofluorescence. Bar, 10 μm. (B) Lysates of the conditions listed in A and C were blotted as indicated. The lane numbers correspond to the five conditions represented in A moving from top to bottom or on the graph in C moving from left to right. (C) Percentage of cells exhibiting microvilli under the indicated conditions was quantified. EBP50 knockdown inhibits microvilli formation and this is significantly (p \< 0.01) rescued by both EBP50 and a PDZK1/EBP50 chimera but not by wild-type PDZK1. (D) Schematic of the domains present in the PDZK1/EBP50 chimera versus the wild-type proteins.
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DISCUSSION
==========

One mechanism that cells use to regulate the structure and composition of the plasma membrane is through regulated scaffolding proteins. A well-characterized scaffolding protein found at the apical aspect of epithelial cells is EBP50, which is localized there by its association with ezrin. Several reasons prompted us to investigate PDZK1. First, this scaffolding protein is also localized to the apical aspect of polarized epithelial cells ([@B9]); second, the tail of PDZK1 binds to EBP50 ([@B18]); and third, because PDZK1 and EBP50 seem to share a close evolutionary origin ([@B4]), we wondered whether they might have similar functions.

We find that the microvillar proteins PDZK1, EBP50, and ezrin form a complex and that this complex is regulated by their individual intramolecular interactions ([Figure 9](#F9){ref-type="fig"}). Specifically, each of them is known to undergo a negative regulatory intramolecular association \[the first PDZ domain of PDZK1 interacts with its tail; [@B18]); the second PDZ domain of EBP50 interacts with its tail ([@B26]); the FERM domain of ezrin interacts with the C-ERMAD ([@B8])\] that regulates binding to their neighboring molecules. We show that an EBP50 mutant in which the negative intramolecular interaction is abolished by truncating the C terminus binds better than wild-type EBP50 to PDZK1, and this same effect can be achieved with wild-type EBP50 if activated by the addition of the ezrin FERM domain. Thus, there is secondhand cooperative binding that is associated with ezrin binding to EBP50 to release the EBP50 intramolecular interaction and increase the PDZK1/EBP50 association, as has been indicated for a few other EBP50 binding partners in previous reports ([@B22]; [@B26]). It is difficult to assess whether the reverse is true, that is, whether PDZK1 binding increases the association between EBP50 and ezrin, as the latter interaction is already so tight in vitro, with nearly complete, stoichiometric binding. An intriguing aspect of this study is that using the PDZK1 tail we were readily able to isolate an EBP50--ezrin complex from extracts of cells, yet our previous unpublished experiments have not convincingly revealed an EBP50--ezrin complex when we simply immunoprecipitated ezrin or EBP50. Thus, it is possible that binding of PDZK1 to EBP50 in some manner stabilizes the EBP50--ezrin interaction. Therefore, cooperative interactions may occur both ways within this ternary complex allowing a "domino-effect" of interaction reinforcement that can happen either from the PDZK1 or ezrin side of the complex.

![Schematic of the PDZK1--EBP50--ezrin complex. 1. The microvillar scaffold proteins PDZK1, EBP50, and ezrin exist in intramolecularly associated conformations before entering into a complex. These conformations reduce their associations with one another. 2. Ezrin becomes "activated" or "open" through a combination of membrane binding and phosphorylation. This allows its amino-terminal FERM domain to interact with EBP50 and its carboxy-terminal C-ERMAD to interact with F-actin. 3. The association with ezrin locks the EBP50 in an open conformation, thereby enhancing the association between EBP50 and the tail of PDZK1. PDZK1, EBP50 and ezrin are then able to form a complex. Notably, the tail of PDZK1 must be released from its intramolecular interaction with its own first PDZ domain to interact with EBP50. Additional EBP50 binding partners, such as EPI64 (labeled with its amino-terminal TBC domain), may also enter into this macromolecular complex.](zmk0091094410009){#F9}

This description of a regulated ternary complex is just the beginning of our understanding of the scaffolding mechanisms that regulate the proteins at the apical membrane. There are a myriad of regulatory possibilities given the wide array of proteins that have been shown to interact with either EBP50, or PDZK1, or both. For example, proteins that bind to the first PDZ domain of PDZK1 might displace its tail and make it more accessible to EBP50. Alternatively, ligands that bind to other PDZ domains might have positive or negative regulatory consequences. Although such studies are planned for the future, we did examine how the PDZ domains of EBP50 participate in formation of the ternary complex, which revealed another level of regulation.

In our initial study, we found that each of the PDZ domains of EBP50, when expressed in isolation as recombinant proteins, were able to bind PDZK1 equally well ([@B18]). Herein, we examined this in the context of the full-length EBP50 protein in the expectation that this would more closely reflect in vivo binding, and we saw similar results. Thus, loss of function of either PDZ domain in the context of full-length EBP50 substantially decreases the association with PDZK1. One possibility is that independent occupation of both PDZ domains by two PDZK1 tails greatly enhances the affinity, or occupation of one PDZ domain enhances the affinity of the other, or both mechanisms. To test the second possibility, we set up a binding experiment in which the first PDZ domain of EBP50 was saturated with EPI64, and asked whether the PDZK1 tail bound to PDZ2 better than free EBP50 with a nonfunctional and therefore empty first PDZ domain ([Figure 5](#F5){ref-type="fig"}, B and C). The results show that the PDZK1 tail binds EBP50 PDZ2 more efficiently when PDZ1 is occupied by EPI64 than when PDZ1 is empty, thus illustrating an allosteric mechanism whereby ligand binding to the first PDZ domain positively regulates PDZK1 binding to the second PDZ domain of EBP50. It is notable that the isolated PDZ2 of EBP50 has been found to have few binding partners, perhaps because it may require PDZ1 ligation for optimal binding. A similar scenario has been found with other PDZ domain-containing proteins ([@B10]; [@B33]).

Although PDZK1 has been found previously in microvilli, this is the first report that it may function in an aspect of microvillar formation or retention. We have shown that the presence of microvilli on JEG3 cells requires EBP50, because they are lost in cells when the EBP50 level is lowered by siRNA ([@B11]). Using this system, we show that microvilli can be restored by PDZK1 expression, but only when we fuse a sequence to link it to ezrin, a linkage that is normally provided through EBP50. This suggests a functional redundancy between the PDZ domains of PDZK1 and EBP50, suggesting that the two scaffolding proteins might normally functional to reinforce each other. However, we show that cells lacking PDZK1, such as JEG3 cells, are able to form robust microvilli. As such, we propose that PDZK1 plays a role as an accessory scaffolding protein that serves to enhance the functioning of EBP50 in microvilli both due to their multiple common binding partners and the ability of our PDZK1/EBP50 chimera to rescue microvilli in EBP50-depleted cells ([Figure 8](#F8){ref-type="fig"}). Our future studies will be aimed at identifying a common ligand for EBP50 and PDZK1 that may be necessary to generate microvilli in these cells.

The finding that PDZK1 is enriched in either the nucleus or microvilli depending on cell confluence may provide valuable insight into the regulation of microvilli under different cellular conditions. How this shuttling is regulated and what motifs serve to target PDZK1 to its different subcellular destinations needs to be elucidated. There is no obvious nuclear localization sequence in PDZK1, so perhaps it piggy-backs on another protein when it is enriched in the nucleus. An important additional question is whether PDZK1 serves some nuclear function or if the nucleus is simply used to sequester it until needed at the apical aspect of cells. The most straightforward model is that PDZK1 exits from the nucleus to microvilli in high confluence cells to assist EBP50 in some aspect of microvilli functioning that is qualitatively or quantitatively different in high and low confluence cells. Interestingly, microvilli of LLC-PK1 cells vary based on confluence, with sparser microvilli under low-density conditions and bushier microvilli under high-density conditions (our unpublished observations).

In summary, our results indicate that the microvillar proteins PDZK1, EBP50, and ezrin form a ternary complex and this is regulated by their individual intramolecular interactions. This complex is clearly regulated by additional PDZ interactions, such as with EPI64, and contributes to the presence of microvilli on cells. Although we did not see any significant effect of EBP50 phosphorylation on ternary complex formation, it seems likely that in the context of additional ligands or unknown factors it will be functionally relevant. The characterization of this ternary complex provides a foundation toward understanding how microvilli are generated and contribute to apical plasma membrane protein composition.
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CFTR

:   cystic fibrosis transmembrane conductance regulator

EBP50

:   ezrin, radixin, moesin binding phosphoprotein 50 kDa

EPI64

:   EBP50 PDZ interactor of 64 kDa

F-actin

:   filamentous actin

FERM

:   protein 4.1, ezrin, radixin, moesin

GFP

:   green fluorescent protein

PDZ

:   postsynaptic density 95/disc-large/zona occludens.
